Abstract-In order to reduce the higher harmonic component of the magnetic field in magnetically levitated permanent-magnet planar motors (PMPMs), a sinusoidal index for 2-dimensional (2D) wave is proposed and verified by calculating the average total harmonic distortion (THD) of the discrete waveform. Based on this, a novel optimal design method using THD for 2-dimensional wave (THD 2D ) and fundamental amplitude is proposed for PMPMs. The finite element analysis and experimental results show that the higher harmonic component of magnetic field is reduced with average fundamental amplitude invariant, and the back-EMF is better. So the optimal design method can improve the electromagnetic performance of magnetically levitated PMPMs.
INTRODUCTION
With requirements of high acceleration and high precision for direct planar motions, planar motors have been paid more and more attention in the academic and engineering field [1] [2] [3] . Planar motors can be classified into three categories, i.e., induction planar motors, sawyer motors and permanent-magnet synchronous planar motors [4] . Induction planar motors are made in laboratory level. Sawyer motors have some disadvantages such as heating problem and requirement of precisely manufactured teeth [5] . With the development of rare-earth permanent-magnet material, permanent-magnet synchronous planar motors attract widespread attention. Permanent-magnet synchronous planar motors can realize largerange planar motion with high speed and high precision. Usually permanent-magnet synchronous planar motors have either moving magnets and stationary coils, or moving coils and stationary magnets. The mover of planar motor is controlled in six degrees of freedom and magnetically levitated by the Lorentz force generated between the mover and stator [6] .
In order to improve the dynamic performance of permanent-magnet motors, many analysis and optimization methods have been proposed. In [7, 8] , the analytical expression of the magnetic field created by a radially magnetized tile permanent magnet was proposed. In [9] , on the basis of magnetic vector potential, the analytical solutions for magnetic field were derived. In [10] , a new technique using the hybridization of finite element analysis and permeance network method was proposed, and then a multi-objective optimization method was performed to reduce cogging torque and increase torque capability. When the acceleration for magnet array was chosen as objective, an optimization method for the sizes of the N -S array and Halbach array under different topologies and load conditions was proposed in [11] . In order to obtain a sinusoidal distribution of air gap magnetic field, an extra 2D analytical method was proposed in [12] . In [13] , a new 2D magnet array for planar motors was proposed, and the harmonic model was developed to predict the flux density of this array. In [14] , to minimize the resistive loss, geometrical optimization and parametric search were performed. In addition, many important issues, such as thrust and real-time control, were also concerned [15] [16] [17] [18] . However, there is not much research on the optimization of Halbach magnetic field in PMPMs.
The stator of magnetically levitated PMPMs with moving coils adopts Halbach array [19] , which can increase the amplitude but decrease the distortion of the magnetic flux density. In order to increase the thrust density and decrease the difficulty of control, the air gap flux density must be as large as possible while making the magnetic distribution close to a sinusoidal wave. The magnetic surface charge model and harmonic model have been proposed in literatures. The magnetic surface charge model can predict magnetic field accurately, but the calculation is very complicated and the simulation is timeconsuming [20] . However, the harmonic model is based on the Fourier transform, and it can evaluate the magnetic field in a short time. A 3-dimensional (3D) harmonic model of the mover in magnetically levitated PMPMs with moving magnets was proposed in [21, 22] , and it presented a scheme that the width of slave magnets is half of the master magnets. As a result, the magnetic flux distribution does not contain a third harmonic component. If the PMPM is driven by a balanced three-phase sine-wave current, the third harmonic component will not work, and the higher harmonic component is still high. Therefore, it is necessary to give a new optimization scheme to reduce the harmonic component.
This paper proposes a novel optimization scheme that utilizes THD 2D and fundamental amplitude to optimize the magnetic field in magnetically levitated PMPMs. Because the calculation is simple, the optimization scheme can give a better result and reflect the performance of the magnetic field in a short time. According to the result of the optimization scheme, the research prototype and simulation model confirm that the magnetic field and back-EMF are better than before.
This paper is organized as follows. The basic operation principle of magnetically levitated PMPMs is introduced in Section 2. The harmonic model of magnetic flux density is briefly described in Section 3. In Section 4, the 3D map of the magnetic field is exhibited. The sinusoidal index for 2D wave and its verification is proposed in Section 5, and the quality indicator, utilizing sinusoidal index, is also proposed. Then in Section 6, the finite element and experimental results are used to verify the proposed optimization scheme. Finally, a conclusion is drawn in Section 7.
OPERATION PRINCIPLE OF THE PLANAR MOTOR
The magnetically levitated PMPM with moving coils consisting of mover and stator is shown in Figure 1 (a). The stationary magnets glued to an aluminum plate adopt Halbach permanent-magnet array. The cube magnets magnetized in the z-direction are master magnets, and meanwhile the rectangle magnets magnetized in the x-or y-direction are slave magnets. For the existence of Halbach array, the magnetic flux density on one side of the magnet array is enhanced. The coils are placed at an angle of 45 • with respect to the magnets and divided into 4 sets of three-phase coil (A, B, C and D), and they are a team. The size of the coil is shown in Figure 1 (a). The coils can be controlled with six degrees of freedom when they are magnetically levitated upon the permanent-magnet array. mover with respect to the stator and each coil must be energized individually. The control scheme is very difficult because all six degrees of freedom must be controlled and coupling exists between them. When coils are energized, the electromagnetic force and torque, which drive the mover in any direction, can be calculated by Lorentz law.
HARMONIC MODEL
To get the expression of magnetic flux density around magnet array, the analytical model of the stator, as shown in Figure 2 , is developed. Magnetic field in region 3 is enhanced. According to [21] , and set α = πx/τ and β = πy/τ , the magnetic flux density distributes in region 3 is
where p and q are the harmonic numbers for x-, y-and z-direction. B r is the remanence of permanentmagnet, μ 0 the permeability of vacuum, m b the thickness of permanent-magnets, τ the pole pitch, τ m the length of master magnets, and
It can be seen from (1) that B 3 is a function of x, y and z. The harmonic numbers for x-, y-and z-directions change from 1 to ∞. The amplitude of B 3 exponentially decreases in the z-direction and trigonometrically changes in the x-and y-directions.
MAGNETIC FIELD DISTRIBUTION
The 3D map of magnetic flux density is obtained when τ = 24 mm, τ m = 16 mm and m b = 10 mm. Figure 3 shows the magnetic flux density in x-(y-) and z-directions when z = −10 mm. It can be seen that the waveform distortion is serious though the amplitude is large. Figure 4 shows the magnetic flux density in x-(y-) and z-directions when z = −14 mm. It can be seen that the harmonic component is low, and the waveform is close to a sinusoidal wave, but the amplitude is relatively small. 
OPTIMIZATION SCHEME

Sinusoidal Index
Since the magnetic field has a significant impact on the electromagnetic force and torque, and the harmonic distortion of the magnetic field near the permanent-magnet is serious, it is important to optimize the size of permanent-magnet to enhance the magnetic field. Traditionally, the THD for 1-dimensional periodic wave G is THD 1D (G), and it can be described as
where h is the harmonic number, G(h) the amplitude of each harmonic, and G(1) fundamental amplitude of waveform. Since 2D waveform trigonometrically changes in the x-and y-directions, the THD in (2) is not suitable for this case. In order to resolve this problem, a sinusoidal index for 2D wave as Equation (1) is given as
where F (1, q), F (p, 1) and F (p, q) are the amplitudes of each harmonic, and F (1, 1) is fundamental amplitude of the 2D waveform.
Sinusoidal Index Verification
In order to verify the correctness of the sinusoidal index, the waveform is analyzed by using fast Fourier transform. THD av is defined as the average of the THD 1D in [0, π],
where THD avx , THD avy and THD avz are the values of THD av in the x-, y-and z-directions, respectively. THD 1D (B 3x (β)), THD 1D (B 3y (α)) and THD 1D (B 3z (β)) are the THD 1D (G) of different waves with α or β different and z constant in the x-, y-and z-directions, respectively. Since B 3x , B 3y and B 3z periodically change as shown in Figures 3 and 4 , α and β are required only between 0 and π.
To simplify the calculation, discretization will be applied to THD av . Meanwhile, [0, π] is divided into M subintervals averagely, where M is an integer. In this case, (4) is expressed as
According to (1) and (3), THD 2D can be described as
where THD 2Dx , THD 2Dy and THD 2Dz are the value of THD 2D in the x-, y-and z-direction, respectively. The relationships between THD and τ can be calculated by (5) and (6) . Figure 5 shows their relationships in x-(y-) direction and in z-direction. It can be seen from Figure 5 that THD 2D and THD av have the same trend in the x-(y-) and z-directions, and get the minimum when τ = 28 mm. Therefore, the quality of a waveform can be evaluated by THD 2D .
Quality Indicator
The amplitude of a waveform should be as large as possible, and its THD 2D should be as small as possible. Based on this requirement, this section will propose a wave quality indicator by using fundamental amplitude and sinusoidal index. It can be described as
where K wqix , K wqiy and K wqiz are quality indicators in the x-, y-and z-directions, respectively. F A x (z), F A y (z) and F A z (z) are the different fundamental amplitudes with z different in the x-, y-and zdirections, respectively, and their value is corresponding to F (1, 1). THD 2Dx (z), THD 2Dy (z) and THD 2Dz (z) are different values of THD 2D with z different in the x-, y-and z-directions, respectively. h z is the distance between the top of the measurement domain and the top of the magnets. According to the requirement of the waveform optimization, the greater the value of K wqi is, the better the wave is.
where N is an integer. (7) can be expressed as
The relationships between wave quality indicator and τ in x-(y-) direction and z-directions when τ m = 16 mm, m b = 10 mm and h z = 8 mm are shown in Figure 6 . It can be seen that K wqi takes the maximum value when τ = 26 mm.
VERIFICATION
Two prototypes are designed to verify the theoretical analysis, and their parameters are listed in Table 1 . It should be noted that the size of prototype 1 is the same as that in [21] , and the size of prototype 2 is determined by the proposed quality indicator. Considering the amplitude of the magnetic field, the pole pitch of prototype 2 is 26 mm instead of 28 mm even though the THD 2D is minimum when τ = 28 mm, which can be seen from Figure 5 . The number of turns is 175. The material of permanent magnet is NdFe30, and the simulation model is developed by finite element method. Prototype 2 is manufactured for the verification of optimization scheme. Figure 7 shows a photo of prototype 2. Figures 8 and 9 show the waveform and harmonic analysis results of B 3x and B 3z , which are 1-dimensional periodic waves when z = −12 mm and β = 30 • . It can be seen that the THD 1D (B 3x (β)) of prototype 1 is 18.88%, and the fundamental amplitude is 0.32 T. Meanwhile, the THD 1D (B 3x (β)) of prototype 2 is 13.75%, and the fundamental amplitude is 0.30 T. In the z-direction, the THD 1D (B 3z (β)) of prototype 1 is 12.25%, and the fundamental amplitude is 0.52 T, while the THD 1D (B 3z (β)) of prototype 2 is 8.08%, and the fundamental amplitude is 0.49 T. It is obvious that the fundamental amplitude of prototype 1 is slightly larger than that of prototype 2, but the inhibitory effect on higher Figures 10 and 11 . The THD 1D (B 3x (β)) and fundamental amplitude in x-(y-) direction are shown in Figure 10 . It can be seen that prototype 1 has a higher average THD 1D (B 3x (β)) than prototype 2. In addition, they have almost the same average fundamental amplitude. The measurement result of prototype 2 agrees with its predicted one if the error of measurement is ignored. The THD 1D (B 3z (β)) and fundamental amplitude in z-direction are shown in Figure 11 , and the situation is the same as x-direction.
Magnetic Field
Without loss of generality, it can be inferred that the magnetic field of prototype 2 is better than prototype 1 in the whole space. Figure 12 shows the back-EMF of one coil when the coil moves along a direction perpendicular to the coil. The speed is 300 mm/s, and the length of air-gap is 1 mm. The back-EMF of one coil is measured by an oscilloscope. It can be seen that the simulated and measured values of prototype 2 match each other well. The peak simulation value of prototype 1 is 1.41 V, and that of prototype 2 is 1.57 V. It should be noted that the coils become longer after optimization. To further investigate the difference between the two prototypes, the simulation results are analyzed using Fourier transform. The results show that the THD 1D of prototype 1 is 5.61%, and that of prototype 2 is 3.42%, it is means that the performance of prototype 2 is slightly better than prototype 1. It should be noted that since the distortion of magnetic field decreases with the increase of the distance from magnet surface, the difference between the THD 1D of back-EMF generated by the coils of two prototypes is smaller than that in the magnetic field of the two prototypes.
Back-EMF
CONCLUSION
According to the harmonic model of the magnet array in the magnetically levitated PMPMs, the magnetic field distribution has been analyzed, and a sinusoidal index for 2D wave has been proposed and verified. By utilizing the sinusoidal index and fundamental amplitude, a wave quality indicator which can easily describe the performance of the waveform has also been proposed. Compared with the existing optimization method, the proposed scheme has a lower THD and keeps the average fundamental amplitude invariant, and the back-EMF is better. It means that this method can improve the electromagnetic performance of PMPMs. Finally, the effectiveness of the proposed optimal design method has been verified by the finite element analysis and experimental results.
